A reliable method is presented for the chiral separation of three basic drugs (mexiletine, chlorpheniramine and propranolol) with serum albumins (human and porcine, HSA and PSA) as chiral selectors by capillary electrophoresis in combination with the partial filling technique. Based on the systematic optimization of operation variables, the chiral separation of mexiletine, chlorpheniramine and propranolol was achieved in the pH 7.4 phosphate buffer by using HSA, PSA and PSA as selectors, respectively. The chiral recognition ability of HSA and PSA was compared. HSA and PSA show a different chiral recognition ability for each of the three drugs. In addition, the association constants between enantiomeric drugs and proteins were determined to be 2.00 and 3.80 × 10 2 M -1 for mexiletine and HSA, 0.59 and 1.12 × 10 3 M -1 for chlorpheniramine and PSA, and 0.87 and 1.42 × 10 3 M -1 for propranolol and PSA. The method for the chiral separation and determination of association constants possesses the advantages of simple performance, effective avoiding of the interference of the UV detection from protein, and lowering of the reagent consumption.
Introduction
The chiral separation of drugs has drawn particular attention in the past decades because the enantiomeric forms of many chiral drugs show different biological or pharmacological activity values in biological systems. 1 The methods used for chiral separation include gas chromatography, [2] [3] [4] high performance liquid chromatography, [5] [6] [7] [8] and capillary electrophoresis (CE). [9] [10] [11] Among these methods, CE has become one of the most powerful methods because of its high separation efficiency, rapid analysis ability and low reagent consumption. A great number of selectors have been successfully applied to the chiral separation of CE, including cyclodextrins and their derivatives, [12] [13] [14] macrocyclic antibiotics, 15 polysaccharides, 16 chiral surfactants. 17 Besides, proteins have shown special chiral recognition ability of a variety of guests. At present, proteins used as enantioselectors include bovine serum albumin and human serum albumin (HSA), α-acid glycoprotein, cellulase, ovomucoid, and human serum transferrin. [18] [19] [20] [21] [22] Because of the chiral nature, proteins often interact differently with the enantiomers of chiral molecules. 23, 24 This is the basis of the chiral recognition of protein and guest. Another property of proteins is their high UV absorption in the short-wavelength region, which leads to a noisy baseline and to low UV detection sensitivity when they are used as buffer additives in CE. Therefore, the protein concentrations are usually limited to lower than 0.18 mM, which results in limited resolutions of solutes. Immobilizing protein in a gel within the capillary 25 or using a capillary packed with an immobilized-protein stationary phase 26 can provide an alterative method to avoid the detection interference. However, the disadvantages of these methods involve costliness, short lifetime and low column efficiency. To overcome the detection interference with UV-absorbing components as buffer additives, Valtcheva 27 developed a new separation method named the partial filling technique (PFT). In this method, a selector with UV-absorbing capability is partially filled into the capillary, and in a certain condition the selector arrives at the detection window later than the analyte. Hence, detection interference can be effectively eliminated. This method has been widely applied to separation, enantioseparation and determination of association constants. [28] [29] [30] [31] [32] Human serum albumin has been used as a chiral selector to separate many drugs in CE. 19, 26, 33, 34 However, the chiral separation of mexiletine and chlorpheniramine with HSA as selector has not been reported. Although propranolol had been separated with BSA and HSA as buffer additives, but the resolution was poor and the detection interference from protein was serious. 35 In this work, serum albumins from porcine as well as human sources were introduced as chiral selectors to separate the three basic drugs. PFT was applied to avoid the interference of UV detection from proteins. The association constants between proteins and enantiomeric drugs were measured.
Experimental

Reagents
Analytical grade reagents were used in all our experiments and water was doubly distilled. The running buffer was 67 mM phosphate buffer at a desired pH value, which was prepared by mixing disodium hydrogen phosphate and potassium dihydrogen phosphate in certain proportions. Mexiletine, chlorpheniramine, propranolol were dissolved in the running buffer to prepare 0.5 mM solutions. Human serum albumin and porcine serum albumin (essential fatty acid-free, Sigma) were dissolved in the running buffer to prepare 0.5 mM stock solution, this was stored at 4˚C. Unless noted otherwise, the pH value was adjusted to match with the buffer.
Apparatus
The CE experiments were performed using an Agilent CE 3D CE system (Agilent Technology, Waldbronn, Germany) equipped with a 50 µm i.d. × 50 cm (41.5 cm effective length) uncoated fused silica capillary (Yongnian Optical Fiber Factory, Hebei, China). Detection was carried out with a diode-array detector (DAD) at 200 nm for mexiletine and chlorpheniramine, and at 214 nm for propranolol (at the cathode end).
Electrophoresis procedure
Prior to the first use, each new capillary was rinsed with 0.1 M NaOH, doubly distilled water and the running buffer for 30, 10, and 10 min, respectively, and then pre-equilibrated with the running buffer under the separation voltage for 10 min. Between runs, the capillary was rinsed with 60 mM SDS, 1 M NaOH, doubly distilled water and the running buffer, each for 2 min. The protein zone was partially filled in the capillary prior to the injection of sample (5.0 kPa × 2 s). Then, electrophoresis was performed with both ends of the capillary dipping in the running buffer (25˚C). In the determination of association constants, proteins were partially filled in the capillary with different plug lengths, and a fixed amount of sample containing the internal standard (DMSO, 0.25% v/v) was injected. The concentrations of proteins and drugs were 0.4 mM and 0.1 mM, respectively.
Results and Discussion
Chiral separation
In the partial filling method, the protein zone is partially filled into the capillary prior to the introduction of sample. Then electrophoresis is performed in the buffer without protein. At the experimental condition, basic drugs are positively charged and migrate toward the cathode. The isoelectric point of HSA and PSA is 4.7, so they are negatively charged at pH higher than 4.7, and possess electrophoretic mobilities towards the positive end. Both drugs and protein migrate toward to the negative end in the driving force of electroosmotic flow (EOF). Because of a faster apparent migration velocity than protein, drugs can enter the protein zone and interact with them. At last, drugs can leak out of protein zone and reach the detection window prior to the protein. As a result, the UV interference from protein can be effectively eliminated. The interaction difference between protein and drug enantiomers results in the enantioseparation of the drug. The shift in the effective mobility of the drugs, due to interaction with the protein in the selector zone, was used to determine the association constants between the drugs and protein.
The adsorption of protein on the uncoated wall of capillary is serious at neutral or slightly basic pH area. SDS was proved to be effective for desorbing the adsorbed protein from the capillary wall. 36 In the experiment, it was found that rinsing with 60 mM SDS between runs could effectively eliminate the protein adsorption. 
Effect of the separation voltage and buffer pH
The effect of separation voltage on the resolution of mexiletine was investigated over the range of 8 -16 kV. The results showed that the resolution reached the maximum (1.89) at 12 kV, then reduced gradually. At the voltages higher than 13 kV, the EOF increases. The time of drugs going through the protein zone shortens, i.e., the interaction time between protein and drug shortens, as a result, the resolution of drugs decreases. Consequently, a voltage of 12 kV was chosen to obtain a good resolution within a short time.
The effect of running buffer pH on the chiral separation of mexiletine was investigated. Figure 1 shows that the chiral separation cannot be realized at pH < 6.0. Increase of pH from 6.0 to 7.8 caused an increase in the resolution. Then the resolution decreased gradually and reached to zero at pH 9.4. This indicated that HSA possesses the chiral recognition ability for mexiletine in the pH range of 6.0 -9.4. The separation of mexiletine disappeared at the weakly acidic and alkaline environment (pH < 6.0 and pH > 9.4). This may be due to the conformational transitions of HSA at different pH values. It is known that HSA undergoes several pH-dependent conformational transitions. 37, 38 The conformational change of HSA may affect its special interaction with the drug, therefore, the chiral recognition ability of HSA for the drug could be affected correspondingly. At pH 7.8, protein eluted closely after the drugs, so the baseline was high and peak was distorted. At pH 7.4, however, no interference from protein was observed in the detection of drugs, and the enantioseparation of drugs was good. Therefore, the physiological pH 7.4 was chosen in this work. Figures 2 and 3 show the effects of the concentration of HSA and PSA on the resolution of each of the three drugs. The resolutions increase with the increasing of HSA concentration and reduce at the concentrations above 0.40 mM. At high protein concentration, a slight reduction of the resolution results from the diffusion of solute zone and peak broadening. Therefore, 0.4 mM HSA was chosen for further study. In order to compare the chiral recognition ability of HSA and PSA, we also chose the PSA concentration to be 0.4 mM. It can be found from Fig. 3 that, when PSA is used as selector, chlorpheniramine and propranolol can be separated, while mexiletine cannot.
Effect of concentration and plug length of protein zone
The effect of plug length of protein zone on the resolution is similar to that of protein concentration on the resolution (figure not shown). The resolution increases with the increasing of plug length of protein zone and reduces at the longer zone. When the plug length is longer than 10.8 cm, the base line is high because the protein elutes closely after the drugs. Consequently, the plug length of protein zone was kept below 9.9 cm. When protein is partially filled in the capillary, the EOF reduces slightly (Fig. 4) . The decrease of EOF is due to the viscosity of protein zone being higher than that of the buffer.
The optimum separation of mexiletine, chlorpheniramine and propranolol in 67 mM phosphate buffer was achieved with serum albumins as selectors.
The chiral separation electropherograms of mexiletine, chlorpheniramine and propranolol are shown in Figs. 5 -7. Because of a faster apparent velocity than protein, drugs reach the detection window prior to the protein in the PFT. No high noisy baseline was observed even in the short-wavelength detection (200 and 214 nm). The detection sensitivity was remarkably enhanced. Therefore, the PFT was proved to be effective to eliminate the UV detection interference of protein.
Furthermore, a higher concentration of HSA (0.4 mM) is used to separate propranolol in the PFT compared to that used as buffer additive (0.06 mM), 35 and higher resolution of propranolol is thereby obtained. In comparison with the protein as buffer additives, the reagent consumption is lower in the partially filled mode.
Comparison of chiral recognition ability of HSA and PSA
Two kinds of serum albumin: porcine (PSA) and human (HSA), whose major structure and physicochemical parameters are highly similar, were utilized as chiral selectors to separate three drugs. Their chiral recognition abilities were compared. A comparison of Fig. 2 with Fig. 3 shows that the chiral selectivity of the two proteins was different. The maximum resolution of propranolol was 1.06 with 0.4 mM HSA as selector, while it reached 3.57 with the same concentration of PSA. Mexiletine could not be separated even using a large amount of PSA (0.5 mM, 13.5 cm plug length) as selector, but it can be separated by HSA. The difference in the chiral recognition ability of the two proteins indicates that there are some slight differences in their fine structures.
Determination of the association constants between proteins and enantiomeric drugs
The apparent mobility of drug in the presence of protein (µD,P) can be evaluated according to the following equation: 39, 40 µD,P = X µ*DP + X µ*D + (1 -X)µD (1) where [ ] represents the molar concentration of each species in the solution. µ*D, µ*DP and µD are the mobility of free drug, drug-protein complex in the protein zone and that of free drug in the buffer zone, respectively. X is the fraction between the effective plug length and the effective length of capillary. Equation (1) can be rearranged in the following form:
As mentioned above, the EOF changes with increasing plug length of chiral selector in the buffer. Therefore, the mobilities have to be corrected for the variation in the EOF. The use of mobility ratios (M) was found to give more precise estimates of binding constants when large changes in the EOF are observed. [41] [42] [43] Mobility ratios are calculated as:
where µ is the inherent mobility of the solute, and µeo is the mobility of the electroosmotic flow. Combination of Eqs. (2) and (3) results in:
Since the molecular weight of HSA (65000) is much higher than those of drugs (ca. 200 -300), it can be assumed the electrophoretic mobility of drug-protein complex in the protein zone is approximately equal to that of free protein in the buffer zone, i.e. M*DP = MDP = MP. In addition, M*D is presumed to be equal to MD, i.e. M*D = MD. Because the total protein concentration is higher than the total drug concentration, it can be supposed that the concentration of free protein is equal to the total protein concentration in the equilibrium ([Pf] = [P]). Equation (4) can be expressed in the following form:
[DP]
-----
Association constants can be evaluated from the slope of the
Taking propranolol as an example, one can obtain a good linear relationship (r 2 = 0.9999) by plotting [MD,P -(1 -X)MD] versus X (Fig. 8) . According to the Eq. (6), the association constant between PSA and one of enantiomer of propranolol can be obtained (K = 8.70 × 10 2 M -1 ). If one uses the same method, the association constants of mexiletine, chlorpheniramine and propranolol with HSA and PSA can be calculated. The results are listed in Table 1 . The results show that the interactions of proteins and drug stereoisomers are different. For example, the association constants between PSA and the two isomers of propranolol are 8.70 × 10 2 and 1.42 × 10 3 M -1 , respectively. The results suggest that the chiral separation is based on the difference in the interaction strengths between drug isomers and the protein. The difference in association constant (K) between chlorpheniramine isomers and PSA is also bigger than that between chlorpheniramine and HSA. This result agrees with the fact that the resolution of chlorpheniramine is bigger when PSA is used as selector. The average association constants of chlorpheniramine ((1.04 ± 0.2) × 10 3 M -1 ) with HSA agree well with the values in the previous report with pressure-assisted capillary electrophoresis/frontal analysis method 44 ((1.43 ± 0.01) × 10 3 M -1 ). The minor differences from the literature value are probably due to the albumin lot, fatty acid content and other conditions, which influence the binding. The good relative coefficients (Table 1) show the accurateness of the method. In addition, the method used to determine the association constants by CE in combination with PFT is simple, rapid and features low reagent consumption.
Conclusion
Capillary electrophoresis in combination with the partial filling technique has been successfully applied to the enantioseparation of drugs and the determination of the association constants between drugs and proteins. The chiral separation of three basic drugs (mexiletine, chlorpheniramine and propranolol) can be achieved by means of human serum albumin and porcine serum MD -slope -------- albumin as selectors. Additionally, the chiral recognition ability of HSA and PSA was compared. PSA shows the better enantioselectivity to chlorpheniramine and propranolol than HSA, while HSA shows good chiral recognition ability to mexiletine. The association constants measured can show the interaction strength between protein and drugs and the difference in the chiral recognition ability of HSA and PSA. The advantages of this proposed method include simplicity, speed, accuracy and low reagent consumption.
